In budding yeast, the Arp2/3 complex is specifically required for the assembly of actin patches, which are involved in endocytosis ( 
follows in primary sequence and is composed of eight ␣ helices that form a compact globular subdomain. Amino To better understand the mechanism by which formins promote actin assembly, we determined the crystal acid substitutions that are encoded by two temperaturesensitive BNI1 alleles, Asp1511Asn (Evangelista et al., structure of the Bni1p FH2 domain. The structure reveals a tethered dimer architecture consisting of two elon-2002) and Arg1528Ala (Sagot et al., 2002a) , are likely to destabilize the knob region as they disrupt important gated actin binding heads connected at either end by apparently flexible linker segments contributed by each buried electrostatic interactions. The knob subdomain is tightly integrated with the coiled-coil region via helix subunit. Proteolytic cleavage within the linkers yields "hemidimers," which block the barbed end of actin fila-␣K and the RS loop (loops are named for the helices that they connect). From the knob, the polypeptide chain ments but lack the normal nucleation and processive capping activities of the intact dimer.
passes through the coiled-coil (␣L) and then forms the bulk of the post region (including helices ␣M through ␣Q). Helices ␣R and ␣S cross to and from the knob Results and Discussion subdomain, respectively, and contribute the second and third helices to the triple-helical coiled-coil region. FiStructure of the FH2 Domain nally, the long and kinked C-terminal helix ␣T completes We prepared over two dozen FH2 expression constructs the post subdomain. Searches of the DALI and VAST with different N-and C-terminal boundaries for crystallistructure databases reveal no significant similarity bezation trials. The protein encoded by construct "Z" (resitween the FH2 domain and other proteins of known dues 1348-1766 of Bni1p) was functional and yielded structure (aside from the superficial similarity of the crystals suitable for structure determination in the prescoiled-coil region to other coiled-coil proteins). ence of p-chloromercuribenzene sulfonic acid (PCMBS, see Experimental Procedures). Analysis of Z and similar fragments by gel filtration and analytical ultracentrifugaThe Unique Lasso/Post Dimer Interface The observed head-to-tail mode of dimerization yields tion revealed that the FH2 domain is a stable dimer in solution (Moseley et al., 2003). The structure was two identical dimer interfaces-the lasso of each subunit encircles the post region of the other subunit in the determined by MAD phasing methods (Table 1 ). The final model contains residues 1350-1760 of Bni1p and dimer. The lasso region winds about 1 1/3 turns around helix ␣M and the MN loop in the dimer-related subunit has been refined to an R value of 20.7% (R free ϭ 25.1%) using anisotropic data extending to 2.5 Å along the hex-( Figure 3A ). The first 28 residues of the lasso lack regular secondary structure, and two tryptophan residues in agonal axis and to 3.1 Å in the perpendicular plane.
When viewed from the top, the FH2 dimer forms a this region insert into hydrophobic pockets in the post ( Figure 3B ). These tryptophan residues, as well as glyclosed ring in the shape of a parallelogram ( Figure 1B) . The FH2 domain can be subdivided into five subdomains cines residues found in each of the receiving pockets (glycines 1576 and 1588), are among the most highly with somewhat arbitrary boundaries. These include an N-terminal "lasso," a 17 residue "linker" segment, a conserved residues in the FH2 fold (Figure 2 ). This portion of the lasso also forms an extensive network of globular "knob" subdomain, a coiled-coil region, and a carboxy-terminal "post" subdomain (Figure 1 ). In the hydrogen bonds with the post region ( Figure 3C ). The "G-N-Y/F-M-N" sequence motif that originally defined FH2 domain dimer, the two subunits interact in a headto-tail orientation. Dimerization is mediated by the unthe FH2 domain lies within helix ␣M in the post region and all of the residues in this motif participate in dimerusual lasso structure; in a reciprocal manner, the lasso in each subunit encircles a protuberance on the post ization (residues 1576-1580 in Bni1p). On the opposite side of the post, helices ␣A and ␣B in the lasso pack into subdomain of the other molecule. The knob, coiled-coil, and post of one subunit, together with the lasso of the shallow hydrophobic grooves ( Figure 3D ). Interestingly, the loop portion of the lasso "closes" upon itself with dimer-related subunit, share a continuous hydrophobic core and comprise a single structural unit that we refer two backbone-to-backbone hydrogen bonds (flanking Leu1358 and Ala1400) and with a hydrogen bond beto hereafter as a "hemidimer." The two relatively rigid hemidimers are leashed together by the linker segment tween the sidechain of Glu 1396 and the mainchain amide of His1355 (not shown). of each molecule to form the tethered dimer architecture. The FH2 domain fold appears to be intrinsically The extensive contacts in the lasso/post interface would be expected to give rise to a very stable dimer. dimeric, as the residues in the lasso/post interface are highly conserved (Figure 2 ). The dimer is perfectly symThe surface area of this interaction is 1895 Å 2 (in each lasso/post interface), thus a total surface area of approxmetric in the crystal, as the two subunits are related by a crystallographic 2-fold axis, but the linker region is imately 7580 Å 2 is buried upon dimerization. Our pre- 
vious analysis of the Bni1p FH2 domain by analytical Identification of Likely Sites of Actin Binding
To define possible sites of interaction with actin, we ultracentrifugation showed that the sedimentation equilibrium data were best fit by a single molecular species studied the conservation of amino acid sidechains on the surface of the FH2 domain. Highly conserved resiof ‫000,39ف‬ g/mol as expected for a stable dimer. In order to further assess the stability of the dimer, we dues that are solvent exposed and not required for the structural integrity of the domain are likely to play impormixed FH2 derside of the domain, the top surface reveals two clusters of highly conserved residues on each molecule in dimer is stable and has an extremely slow off rate. Additionally, the dimeric form of the FH2 domain appears to the dimer. One conserved surface patch is on the knob subdomain and is formed by the exposed surface of be required for actin nucleation. We have previously demonstrated that alanine substitutions of the two tryphelix ␣D. In particular, isoleucine 1431 is highly conserved, even though it is completely solvent exposed. tophan residues in the lasso destabilizes the dimer and abrogates actin assembly and that truncation of resiThe second conserved patch lies at the opposite end of the hemidimer and is formed by residues in the post dues 1348-1407 of construct Z (corresponding to the lasso and part of the linker) yields an inactive, monosubdomain together with the lasso of the other subunit. This second surface is irregular and includes many of meric protein (Moseley et al., 2003). These observations, together with the high degree of conservation of the the residues that stabilize the dimer. However, the sidechains of some of the conserved residues are not impordimer interface, indicate that the reciprocal lasso/post mode of dimerization we observe here is required for tant for dimerization and may be conserved because they are required for actin binding per se. For example, formin function and is likely to pertain to most, if not all formin proteins.
Lysine 1601 in the post region is very highly conserved In addition, these substitutions eliminate the ability of the FH2 domain to slow elongation and to protect the To assess the importance of these two conserved surfaces in actin nucleation, we introduced point mutabarbed end from heterodimeric capping protein (Supplemental Figure S3 on the Cell website). Mutation of tions at positions 1431 and 1601 and tested the activity of the mutant and wild-type FH2 domains in an actin several conserved residues remote from these patches had no effect, or only a modest effect, on actin assembly assembly assay ( Figure 4C) . Substitution of Ile1431 with ( Figure 4C ). We conclude that the conserved surface function. However, the structure suggests that in solupatches on the upper surface of each hemidimer tion the two sides of the dimmer-the hemidimers-are (marked by Ile1431 and Lys1601) are crucial for actin very unlikely to be constrained in the 2-fold symmetric nucleation and barbed end capping, and that it is most orientation we observe in the crystal structure. Rather, likely this surface that contacts the actin filament.
they are likely to be mobile with respect to one another, restrained only by the apparently flexible 17 residue linker segments that join them. A number of experimenThe FH2 Domain Is a Flexible Dimer tal observations support this interpretation. In the crystal What significance should be attached to the specific structure, the linker segment is poorly ordered, with an orientation of the two halves of the dimer that we oboverall temperature factor of over 100 Å 2 (as compared serve in the crystal structure of construct Z? Because with 71 Å 2 for the structure as a whole). Limited proteolymolecules must pack together to form a stable crystal sis experiments reveal that the linker is readily cleaved lattice, it is important to ask whether the contacts that by both chymotrypsin and trypsin within helix ␣C (Supstabilize the particular 2-fold symmetric orientation are plemental Figure S4A on the Cell website). These sites functionally relevant, or alternatively, whether they arise would not be expected to be accessible to proteases if solely from crystal packing. As described above, the maintained in a stable helical conformation. Additionally, highly conserved lasso/post interface drives dimerization in solution and is clearly required for FH2 domain the linker region bears hallmarks of a disordered poly- peptide segment; it is rich in charged and hydrophilic tact and the linker segment were disrupted by deletions (constructs P and ⌬Z, respectively). In construct P, the residues and its sequence and length are divergent among FH2 domains (Figures 2 and 4B) . Apart from the ten C-terminal residues of ␣T are not present (construct P includes residues 1348 to 1750 of Bni1p and was linker, the only contact that might constrain the hemidimers is formed by helix ␣T. The C-terminal turns of referred to as FH2(core) in Moseley et al., 2003). ⌬Z is a variant of construct Z in which the linker is shortened ␣T make a glancing contact with the knob region of the neighboring subunit, but the residues involved are not by four amino acids. While construct ⌬Z retains approximately half the activity of the wild-type protein, construct conserved (Figures 2 and 5A) .
To directly determine whether the observed 2-fold P is more that 2-fold more active than Z (Figure 6 ). The reason for the differences in activity among these symmetric arrangement of subunits in the formin dimer is required for function, we tested the actin assembly constructs is unclear, but notably, both constructs retain activity in spite of deletions that perturb the contacts activity of formin constructs in which the ␣T/knob con- Figure 1 , and residues Ile1431 (on the knob) and Lys1601 (on the post) are shown in purple to mark the putative actin binding sites. Note that in the ⌬Z structure, the tan subunit packs on the opposite side of the rainbow-colored subunit. In the end views, the rainbow subunits are presented in an identical orientation to highlight the difference in the position of the tan subunit. In the end view in (A), the chymotrypsin and trypsin cleavage sites in the linker segment are marked with red and blue arrows, respectively, and the C-terminal extent of construct P is indicated (residue 1750).
that define the orientation of the hemidimers. Furthertion in the ⌬Z structure represents a low activity conformation induced by the linker deletion, as compared with more, a Bni1p construct that terminates at residue 1750 is able to complement a temperature-sensitive allele of the high activity conformation of wild-type Z, this seems exceedingly unlikely. In the Z crystal structure, all four BNI1 in vivo (Sagot et al., 2002b) . These experiments show that the two structural features that define the putative actin binding patches lie on the same surface of the dimer and could plausibly be accessible for interrelative orientation of the hemidimers in the crystal structure, ␣T/knob contact and the precise conformaaction with actin. In contrast, in the ⌬Z structure, the conserved surface surrounding Lys1601 is largely obtion of the linker, are both dispensable for actin assembly. scured in the interface between the hemidimers and could not interact with actin. How do both Z and ⌬Z Finally, we sought to obtain additional crystal forms that might reveal different relative orientations of the assemble actin despite the very different geometry of their putative actin binding surfaces? Flexibility in the hemidimers. We reasoned that observing an alternative relative orientation would directly prove the flexibility of linker provides an obvious solution to this conundrum. Based upon the fact that Z and ⌬Z are both active in the FH2 dimer. We were unable to obtain a second crystal form with constructs Z or P, but we were able spite of their very different subunit orientations, and upon the considerable evidence for flexibility in the linker to crystallize and determine the structure of ⌬Z. The packing of the ⌬Z crystals is unrelated to that of the Z outlined above, we conclude that the FH2 domain is a flexibly tethered dimer. crystals (Supplemental Figure S5 online) . As expected, the ⌬Z crystals reveal an essentially identical hemidimer structure, including the lasso/post interface (the Z and The FH2 Domain Is Bivalent: Hemidimers Block Barbed End Elongation ⌬Z hemidimers superimpose with an RMSD of 0.89 Å for ␣-carbon atoms). In contrast, the relative orientation Why must the FH2 domain dimerize in order to function properly? As described above, surface conservation of the hemidimers is markedly different in the two structures ( Figure 5 ). The two subunits are again lashed toand our mutagenesis studies show that the lasso/post interface is one likely site of interaction with actin. Thus, gether head-to-tail by the lasso and are related by crystallographic 2-fold symmetry, but they interact in a "back dimerization may be required to form this composite actin binding surface. Second, the FH2 domain may to back" manner as compared with the "face to face" orientation in the Z crystals. Essentially, one hemidimer need to be "bivalent" in order to bind and/or assemble actin-that is, it may require two actin binding heads is rotated by ‫07ف‬Њ and translated to the opposite side of the other hemidimer. This dramatically different conrather than one. Alternatively, it is possible that the intact FH2 dimer comprises a single actin binding head. us to discriminate between these possibilities because within the linker, both also cleave at additional sites upon extended incubation or at higher stoichiometries this construct lacks an intact lasso/post interface. In order to further dissect the role of dimerization, we (Supplemental Figure S4A online) . Therefore, to facilitate purification of homogeneous hemidimers, we engisought to prepare and characterize hemidimers.
Based on the structure, we hypothesized that proteoneered a thrombin cleavage site in the linker. Comparison of the uncleaved thrombin-Z construct with wildlytic cleavage in the linker segments would yield hemidimers; i.e., the knob-coiled-coil-post fragment of one type Z revealed indistinguishable activity in an actin assembly assay ( Figure 6E and data not shown). Furthersubunit stably complexed with the cleaved lasso-linker fragment derived from the second subunit. Although more, this construct forms dimers as expected (Supplemental Figure S4B ). SDS-PAGE analysis of the thrombintrypsin and chymotrypsin readily cleave the FH2 domain Z protein after digestion with thrombin revealed two of capping protein (Supplemental Figure S6 ). Construct T (the monomeric knob-coiled-coil-post construct in bands that migrated with the apparent molecular weights expected for the lasso-linker and knob-coiledwhich the lasso is deleted) shows no inhibition of assembly with concentrations up to 1 M ( Figure 6G ). The lack coil-post fragments (Supplemental Figure S4B) . These two polypeptides copurified through consecutive anionof activity of T, as compared with the potent inhibition observed with the hemidimer, shows that an intact exchange and gel-filtration chromatography, indicating that they are stably associated as predicted. Furtherlasso/post interface is required for interaction with actin. Inhibition of elongation by hemidimer must stem from more, the complex eluted from the gel-filtration column at the volume expected for a ‫84ف‬ kDa protein, confirmbarbed end binding, rather than sequestration of actin monomers, because hemidimers also inhibit disasseming that the two hemidimers do indeed dissociate upon cleavage of the linker (Supplemental Figure S4B) . bly of actin filaments ( Figure 6F ). Additionally, we find no evidence that hemidimer can bind actin monomers While the uncleaved thrombin-Z construct exhibits actin assembly activity characteristic of wild-type Z, the in native-PAGE or nucleotide exchange assays (data not shown). In summary, these experiments show that (1) hemidimer is defective in actin assembly ( Figure 6E ). At concentrations at or below 1 m, hemidimer decreases the hemidimer is competent to bind actin filaments but it completely blocks elongation, rather than acting as a the rate of actin assembly as compared with that observed for actin alone. At very high concentrations of processive cap, (2) the lasso is required in trans (from the opposite subunit in the dimer) to complete the actin hemidimer (2.5 and 5 m), a modest increase in assembly is observed. The assembly reactions carried out in binding surface of each hemidimer, (3) normal nucleation and processive capping require the intact FH2 the presence of hemidimer proceed with markedly different kinetics than the dimer-nucleated reactions, and dimer. Thus, from a functional perspective, the FH2 "tethered dimer" architecture consists of two actin bindthey plateau at a lower level. These features could be explained by inhibition of barbed end elongation, toing heads connected by flexible linkers at either end. While one head (hemidimer) is sufficient to bind F-actin, gether with weak nucleation and ensuing elongation from the pointed end, and would be expected of a the nucleation and processive capping activities of the formin depend upon the stable connection of the two barbed end capping protein. Thus we further characterized hemidimers by testing their activity in barbed end binding heads in the tethered dimer. capping assays.
Capping proteins inhibit both assembly and disasMechanistic Implications of the Tethered Dimer Note that the function of the FH2 domain as a processive sembly of actin filaments. As shown in Figure 6G The mode of formin interaction with actin during nurotation of 166Њ and a translation of 27.5 Å along the cleation might or might not be equivalent to its mode filament axis (Lorenz et al., 1993) . As demonstrated of interaction during elongation. The inherently bivalent above, each half of the dimer is expected to be compe-FH2 dimer could promote nucleation by stabilizing a tent to bind actin. The antiparallel orientation of the two two-protomer nucleus for actin polymerization. This binding heads, together with sufficient flexibility becould occur with each hemidimer contacting primarily tween them, could allow each to make similar interacone actin subunit, or with one or both bridging between tions at the barbed end. Modeling of the FH2 structure actin subunits. The fact that hemidimers and intact dion the barbed end of the actin filament demonstrates mers bind filament ends with considerably higher affinity that the 17 residue linker, if flexible, could provide a than G-actin suggests that they must either recognize tether of sufficient length to span the 27.5 Å offset and a site within an actin subunit that is unique to the F-actin allow the two sides of the FH2 dimer to interact in a conformation or recognize an epitope that spans besimilar manner with the two subunits at the barbed end tween subunits (or both). Thus, binding of hemidimers of F-actin (data not shown). Furthermore, the tethered would be expected to stabilize an F-actin conformation dimer architecture of the FH2 domain could allow forand to at least weakly promote nucleation. Our observamins to maintain a stable association with the elongating tion that the intact dimer is at least two orders of magnibarbed end of a filament ( Figure 7B ). One side of the tude more potent than the hemidimer in nucleation FH2 dimer could dissociate to promote incorporation assays indicates that the integrity of the tethered dimer of an additional actin monomer while the other side is also critical for proper nucleation activity. remained bound. Alternating dissociation of each half
The suitability of the tethered dimer architecture for of the FH2 dimer, in a "stair stepping" fashion, would the proposed role of formins is striking. It appears to be thereby allow the formin molecule to processively "ride" precisely that required for the stair-stepping mechanism the elongating barbed end of an actin filament. 
